Abstract Wound healing (WH) is a fundamental biological process. Is it associated with a longevity or aging phenotype? In an attempt to answer this question, we compared the established mouse models with genetically modified life span and also an altered rate of WH in the skin. Our analysis showed that the rate of skin WH in advanced ages (but not in the young animals) may be used as a marker for biological age, i.e., to be indicative of the longevity or aging phenotype. The ability to preserve the rate of skin WH up to an old age appears to be associated with a longevity phenotype, whereas a decline in WH-with an aging phenotype. In the young, this relationship is more complex and might even be inversed. While the aging process is likely to cause wounds to heal slowly, an altered WH rate in younger animals could indicate a different cellular proliferation and/or migration capacity, which is likely to affect other major processes such as the onset and progression of cancer. As a point for future studies on WH and longevity, using only young animals might yield confusing or misleading results, and therefore including older animals in the analysis is encouraged.
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Keywords Wound healing Á Skin Á Aging Á Longevity Á Genes Á Mouse models (Singer and Clark 1999; Ferguson and O'Kane 2004) . The optimal outcome of WH response to damage is the complete regeneration of tissue structure and function, as occurs in several species from diverse taxa (e.g., salamander, axolotle, hydra, planaria) and in early mammalian embryos (Gardiner 2005) . In postnatal mammals, tissue repair is usually achieved by a combination of an inflammatory response with rapid scarring repair, instead of the full albeit slower tissue regeneration (Gurtner et al. 2008) . Such a trade-off, favoring speed of restoration over functionality, is probably imperative in a variety of mammalian tissues, especially such as the skin. Indeed, the skin is the first and foremost natural barrier of the organism against foreign threats and therefore ''any break in it must be rapidly and efficiently mended'' (Martin 1997) . Not surprisingly, in the wild, a quick repair of damaged skin is vital for the protection of the organism from pathogen invasion (Baker et al. 2004) , and thus could have some survival value with a potential impact on longevity. It could also be questioned whether life span extension is accompanied by accelerated skin repair, or alternatively, is premature aging accompanied by deterioration in the healing process? Here we address a principal issue of whether WH is associated with a longevity or aging phenotype. Since our knowledge on WH in species with different life span is very limited, we took advantage of the accumulated data on mouse models with genetically modified life span and WH in the skin.
Mouse models with genetically modified life span and skin wound healing (Tacutu et al. 2010 , http:// www.resolve-whfg.appspot.com). We further compared the list of WH-associated genes with those reported as being involved in regulation of life span in mice (LAGs, n = 94, update of GenAge Database). The comparison yielded ten genetic mouse models of extended (longevity phenotype) or reduced life span (premature aging phenotype) with an altered rate of skin WH. We also add to this list our recent data on long-lived aMUPA transgenic mice of different ages (unpublished data). The results are summarized in Table 1 (for more details, see Online Resource 1).
Association between wound healing and longevity potential manifests in advanced age
As depicted in Table 1 , most of mutant mouse models (n = 7) under the present analysis displayed a reduction in median life span (by 20-60% versus WT) with characteristic signs of premature aging (shorter reproduction period, earlier development of osteoporosis, kyphosis, and cataracts, diminished stress response, etc.; Online Resource 1). In four of the above studies (Arhgap1, Bulb1, Fn1, and Trp53), the rate of skin wound closure was used as a phenotypic marker, providing a priori that slower WH is indicative of an aging phenotype. Indeed, in these studies, the negative effect of gene targeting on life span coincided well with the expected effect on the rate of skin WH. The important point is that this effect was clearly noted only in the groups of older mutant mice which were either obviously old (24 months) or had the features of an aging phenotype as early as 8-12 months. The same, concordant relation between longevity and WH rate was also observed in long-lived aMUPA mice: the old aMUPA mice healed the skin wounds much faster than their parental age-matched FVB mice (unpublished data). However, the results were less consistent among the young (2-4 month-old) mutant or transgenic animals. Compared with their age-matched WT, they showed slower (Fn1 mutants), unaltered (Trp53 mutants, aMUPA mice), or even accelerated WH (Bub1b mutants). Similar ''inconsistencies'' were also observed in studies where the skin WH was investigated only in young animals and independently of the impact of genetic manipulations on mouse life span, i.e., without regard to aging or longevity. Moreover, the analysis showed that in the mouse aging/longevity models, the difference in skin WH rate, whatever the cause, is much more prominent in older animals than in the young. Thus, as follows from our analysis, when assessed in advanced age, a slower or faster skin WH could indeed be indicative of an aging or longevity phenotype, respectively. Most likely, this is primarily attributed to an overall effect on organismal aging rather than to a skin-specific action of the targeted genes, otherwise, similar changes would be expected in the young animals as well. This assumption is strongly exemplified by our study on the long-lived aMUPA mice which preserve their skin WH capacity up to an old age. In this unique model (for review see: Miskin et al. 2005) , the uPa (Plau) transgene is expressed in the ocular lens and the brain but not in the skin (Miskin and Masos 1997) , thus excluding the gene-specific effects on skin WH. Another line of evidence linking WH capacity to longevity comes from the fact that endogenous sex hormones profoundly influence both longevity and the response to cutaneous injury (Gilliver et al. 2008) . As a result, female mice live longer and heal better than males. Likewise, castration of male mice extends their life span and improves wound repair. With regard to the pivotal role of fibroblasts in skin WH (Gurtner et al. 2008) , it is also interesting to note that primary cultures of human fibroblasts derived from patients with Hutchinson-Gilford progeria syndrome showed attenuated cell migration and proliferation in an in vitro wound healing model (Verstraeten et al. 2008) .
Linking wound healing, cancer, and longevity
In several mouse models (Agtr1a, Bub1b, Cav1 and Dmd), the effect on the rate of skin WH in young age was opposite to the effect on life span (Table 1) . To some extent, this could be explained by the inherent links between WH and cancer and its role in the determination of mouse longevity. Indeed, cancer is the main cause of death in mice (Anisimov 2001 ) and on the other hand has so much in common with WH that Schäfer and Werner (2008) even consider ''cancer as an overhealing wound''. Notably, in another pilot analysis, we found that in most cases, genetic manipulations leading to accelerated cutaneous WH in young mice are also associated with earlier and more frequent development of cancer (15 of 18 models; 85%, P \ 0.05, chi-test; unpublished data). With regard to the genetic models presented in Table 1 , for example, the partial inactivation of Bub1b, an important component of the spindle checkpoint, results in a rapid healing of skin wounds but also in an increased susceptibility to cancer (Dai et al. 2004) . Tumor suppressor-like action was also observed for Cav1 (Mercier et al. 2009 ) and Dmd (Chamberlain et al. 2007) , and accordingly, KO of these genes promotes both cancer and WH (Lizarbe et al. 2008; Straino et al. 2004) . In contrast, the Agtr1a-deficient mice healed slower in young age (Yahata et al. 2006 ) but lived longer than their WT littermates (Benigni et al. 2009 ). Concerning its possible role in cancer, high expression of Agtr1a was observed in radiation-induced carcinomas in rats (Imaoka et al. 2008) . Interestingly, aMUPA mice, whose rate of skin WH in the young group did not differ from that of the young FVB (WT) mice, showed a significantly reduced rate of spontaneous and induced tumorigenesis (Tirosh et al. 2003 . Spontaneously arising tumors were observed only in 16% of 24-28-month-old female aMUPA mice, whereas in old FVB mice, this value was approximately four times higher (66%, Mahler et al. 1996; 62%, Tirosh et al. 2003) . A more complicated and less clear case is that of telomerase (Tert)-transgenic mice. González-Suárez et al. (2001) found that the increased rate of wound closure in young mice was also accompanied by an increased susceptibility to induced tumorigenesis in the skin. Later on, the authors found that Terttransgenic and WT mice do not significantly differ in median life span, but display distinct survival patterns in young adult and advanced ages. Namely, the transgenic mice display a high incidence of cancer and increased mortality in the first half of life, while in the second half the survivors live longer than their WT littermates, perhaps because of the delayed onset of other age-related pathologies (González-Suárez et al. 2005) .
Activation of cell proliferation and migration is critical for both WH and cancer. Igf1 is a potent mitogen and also enhances cell motility, thus promoting wound repair and tumorigenesis (Für-stenberger and Senn 2002; Sekharam et al. 2003) As expected, mice overexpressing Igf1 specifically in the skin, healed cutaneous wounds much faster than WT mice (Semenova et al. 2008) . However, this does not yet mean that the same would take place in the case of Igf1 overexpression in the whole body, though it seems quite plausible. Unfortunately, there is neither survival nor cancer data on this model. In the only known Igf1-transgenic mice where longevity was studied, Igf1 was overexpressed specifically in the heart (Li et al. 2007 ). The extended life span in this model obviously results from local Igf1 activity in the heart where the development of tumors is extremely rare. More accurately reflecting the relationship between Igf1 and longevity, is the observation that an inverse correlation exists between plasma Igf1 level measured at 6 months of age and median life span in 31 geneticallydiverse inbred mouse strains (Yuan et al. 2009 ), which coincides well with the notion that Igf1 or Igf1 receptor deficiency contributes to a longevity phenotype by protecting from cancer (Holzenberger et al. 2003; Laron 2008) . If so, it is likely that overexpression of Igf1 would be associated with an accelerated skin WH, cancer promotion, and reduced longevity.
Further evidence strengthening the links between WH, cancer, and longevity comes from the naked mole rat. Having a comparable body size and incomparably longer life span (ca. eight-fold increase in maximum life span vs. mice), the naked mole rat possesses extraordinary resistance to cancer (Buffenstein 2008) , and as reported by Ruttencutter et al. (2009) , displays a relatively slow skin WH compared with mice. Inhibition of both cancer and WH in this animal may be attributed to the phenomenon of ''early contact inhibition'' described by Seluanov et al. (2009) .
Concluding remarks
Our analysis shows a positive correlation between the rate of skin WH and the longevity of mice when tested at advanced ages. It therefore appears that the rate of skin WH in older animals (but not in the young) may be used as a marker for biological age, i.e., to be indicative of the longevity or aging phenotype. The ability to preserve the rate of skin WH is associated with a longevity phenotype, whereas a decline in WH is associated with an aging phenotype. In young adults, the relationship between WH and the ''longevity potential'' is more complex and might even be inversed, so that, for example, faster WH in the young might be linked to reduced life span. Alternatively, an unaltered or slower WH rate in the young might be in favor of longevity. It is likely that the aging process causes wounds to heal slower in the aged, but in younger animals that do not yet show signs of aging, an altered WH rate could indicate dysregulation in cellular homeostasis, such as changes in apoptosis, proliferation and/or migration capacity. Such alterations probably affect not just WH but also other major processes such as the onset and progression of cancer which resembles wound healing in many aspects and is the main cause of death in mice. Altogether, this shows that the relationships between wound healing (especially when evaluated in the young) and longevity could not be put down as a simple ''the better WH, the higher longevity'' and warrants further study.
It is noteworthy to mention that, though differing in specific mechanisms, WH has much in common across a variety of wounded tissues/organs. For example, the sequence of events and tissue dysfunction that follow skin burns are remarkably similar to that following myocardial infarction or a spinal-cord injury (Gurtner et al. 2008) .
As points for further investigation, it would be interesting to examine:
• Is there an association between longevity and the rate or quality of WH in other organs? • Is the rate of WH affected in organs with a high frequency of cancer incidence? • Do species with different longevity also differ in their WH capacity?
As follows from our analysis, the age factor should be taken into account when answering the above questions. An important point for future studies on WH and longevity is that using only young animals might yield confusing or misleading results, thus including older animals in the analysis is encouraged.
